Human induced pluripotent stem cells (hiPSCs) are potentially useful in both clinical applications and basic biological research. hiPSCs can differentiate into extra-embryonic cells in the presence of BMP4. However, the differentiation potential of hiPSCs can be affected by culture conditions or genetic variation. In this study, we investigated the effect of various BMP4 concentrations on the expression states of trophoblast markers and the optimal conditions for trophoblast induction. A high-fidelity gene expression assay using hiPSC lines showed that the expression levels of various trophoblast marker genes, such as KRT7, GCM1, CGB, and HLA-G, were upregulated by BMP4 in a dose-dependent manner in all types of hiPSCs used in this study. Treatment with high doses of BMP4 for prolonged periods increased the ratio of cells with trophoblast markers irrespective of the presence of bFGF. We found that the expression states of major pluripotency-and differentiation-related protein-coding genes in BMP4-treated cells depended on culture conditions rather than donor cell types. However, miRNA expression states were affected by donor cell types rather than BMP4 dose. Furthermore, the effect of the presence of bFGF on differentiation potential of KRT7-positive cells differed among iPSC types. Mechanistically, chromatin states around KRT7 promoter regions were comparable among the iPSC types used in this study, indicating that hiPSC chromatin state at these regions is not a parameter for cytotrophoblast differentiation potential. In conclusion, the optimal conditions for trophoblast differentiation from hiPSCs differ according to parental cell line.
Human induced pluripotent stem cells (hiPSCs) are potentially useful in both clinical applications and basic biological research. hiPSCs can differentiate into extra-embryonic cells in the presence of BMP4. However, the differentiation potential of hiPSCs can be affected by culture conditions or genetic variation. In this study, we investigated the effect of various BMP4 concentrations on the expression states of trophoblast markers and the optimal conditions for trophoblast induction. A high-fidelity gene expression assay using hiPSC lines showed that the expression levels of various trophoblast marker genes, such as KRT7, GCM1, CGB, and HLA-G, were upregulated by BMP4 in a dose-dependent manner in all types of hiPSCs used in this study. Treatment with high doses of BMP4 for prolonged periods increased the ratio of cells with trophoblast markers irrespective of the presence of bFGF. We found that the expression states of major pluripotency-and differentiation-related protein-coding genes in BMP4-treated cells depended on culture conditions rather than donor cell types. However, miRNA expression states were affected by donor cell types rather than BMP4 dose. Furthermore, the effect of the presence of bFGF on differentiation potential of KRT7-positive cells differed among iPSC types. Mechanistically, chromatin states around KRT7 promoter regions were comparable among the iPSC types used in this study, indicating that hiPSC chromatin state at these regions is not a parameter for cytotrophoblast differentiation potential. In conclusion, the optimal conditions for trophoblast differentiation from hiPSCs differ according to parental cell line.
Laboratory Investigation (2017) 97, 1188-1200; doi:10.1038/labinvest.2016.159; published online 13 March 2017 Human embryonic stem cells and induced pluripotent stem cells are useful as research tools for resolving questions about basic biological phenomena and for cell transplantation and drug screening in regenerative medicine. 1 Although most studies demonstrated that human pluripotent stem cells (hPSCs) can differentiate into embryonic tissue, 2 they can also differentiate into extra-embryonic tissues. 3 As it is difficult to study differentiating trophoblasts in vivo, hPSCs offer an attractive ex vivo model for human placentation. Moreover, the placenta is an essential organ for proper embryonic development and pregnancy maintenance in humans and its dysfunction is thought to be related with pregnancy-specific diseases, such as fetal growth restriction and pregnancy-induced hypertension. 4, 5 Therefore, the determination of optimal conditions for trophoblast differentiation from hiPSCs is useful for understanding pregnancyassociated diseases.
The most common method for derivation of trophoblasts from hPSCs involves exposing a culture of pluripotent stem cells to bone morphogenetic protein 4 (BMP4) in the absence of basic fibroblast growth factor (bFGF). 6, 7 BMP4 is a key protein of the TGF-β super family that is essential for various cellular activities. 8 In myeloma cell lines, BMP4 inhibits DNA synthesis in a dose-dependent manner. 9 An initial study of the generation of trophoblast cells from human embryonic stem cells revealed dose-dependent morphological changes of BMP4. 3 However, a study reported that BMP4-treated hPSCs are not able to differentiate into trophoblast cells, instead differentiating into mesoderm. 10 Different differentiation protocols are often used in different studies, and varying culture conditions may have resulted in conflicting observations. 11, 12 Furthermore, given that the genetic background of human induced pluripotent stem cells (hiPSCs) is predominantly responsible for transcriptional and epigenetic differences, 13 there may be different optimal conditions for trophoblast differentiation of hiPSCs.
In this study, in order to define molecular features of BMP4-mediated differentiated cells and optimal conditions for efficient production of trophoblast cells, we conducted a large-scale, high-fidelity gene expression assay following treatment of differentiated cells with various concentrations of BMP4. The results indicated that BMP4 treatment robustly induced trophoblast differentiation. The expression levels of protein-coding genes associated with pluripotency and differentiation in BMP4-treated cells were dependent on culture conditions, while those of miRNAs were affected by 
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J Kojima et al cell type. We also found that the presence or absence of bFGF had an impact on trophoblast differentiation. Thus our findings demonstrate that there are optimal conditions for BMP4-induced trophoblast differentiation from hiPSCs.
MATERIALS AND METHODS Ethics Statement
Human placental cells were collected from surgical specimens with signed informed consent and ethical approval of the 
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Institutional Review Board of the National Institute for Child Health and Development, Japan (permit numbers EDOM no. 146, PL no. 55, and UTE no. 89). All experiments conducted in this study using human cells and tissues were performed in accordance with the tenets of the Declaration of Helsinki.
Mouse Experiments
All mouse experiments in this study were conducted according to protocols approved by the Institutional Animal Care and Use Committee of the NRICHD (Permit Number: A2016-003). Adult female B6D2F1 mice were purchased from Clea Japan (Tokyo, Japan) and oocytes were collected following standard methods. 14 For functional assay of in vitro prepared human chorionic gonadotropin (HCG), pregnant mare serum gonadotropin (PMSG; 7.5 IU; Merck Millipore, Germany) was injected into the abdominal cavity followed by injection of the supernatant of BMP4-treated culture medium (1.5 ml) within 48 h. At 16 h after supernatant injection, the oviducts were retrieved and the presence of superovulation was confirmed by microscopy.
hiPSC Culture and Differentiation into Trophoblast Lineages We used three types of hiPSCs that had been previously established: cells derived from menstrual blood (EDOM), placental artery endothelium (PL), and uterine endometrium (UTE). These lines were established by retroviral infection of four reprogramming factors (OCT-3/4, SOX2, c-MYC, and KLF4), and transgene silencing was confirmed. 15 The hiPSCs were maintained on irradiated mouse embryonic fibroblasts in medium consisting of 80% KnockOut DMEM (ThermoFisher Scientific, Waltham, MA, USA), 20% KnockOut Serum Replacement (ThermoFisher Scientific), 2 mM L-glutamine (ThermoFisher Scientific), 100 U/ml penicillin (ThermoFisher Scientific), 100 μg/ml streptomycin (ThermoFisher Scientific), 0.1 mM nonessential amino acids (ThermoFisher Scientific), 0.2 mM 2-mercaptoethanol (Sigma, St Louis, MO, USA), and 10 ng/ml recombinant human bFGF (Wako Pure Chemical Industries, Osaka, Japan).
For trophoblast differentiation, CTK solution (Reprocell, Yokohama, Japan) was added for 1-2 min at room PAX6  SOX2  UTF1  FOXD3  SYP  HLXB9  T  GFAP  OLIG2  GBX2  DES  FOXA2  EBAF  IFITM1  NRBA1  NODAL  LIN28  DNMT3B  ZFP42  EEF1A1  SEMA3A  KIT  GABRB3  GDF3  NR5A2  FGF4  GRB7  LEFTB  TRGF1  TERT  Nanog  POU5F1  SFRP2  IFITM2  PODXL  AFP  TFCP2L1  RAF1  EOMES  CDX2  GATA4  ISL1  IMP2  CRABP2  COL2A1  REST  18S  NES  CTNNB1  PTEN  LAMC1  CD9  COMMD3  LAMB1  RUNX2  COL1A1  IL6ST  GAL  GATA6  SOX17  SST  BRIX  LAMA1  CD34  ACTB  FLT1  PECAM1  WT1  ACTC  FN1  LIFR  NOG  CDH5  CGB laminin-511 E8 fragments (LN511E8; Nippi, Yokohama, Japan). Cells were cultured in StemFit medium (Ajinomoto, Tokyo, Japan), which contained only recombinant growth factor and protein, and were supplemented with 0, 5, 10, 20, 50, or 100 ng/ml carrier-free BMP4 (R&D Systems, Minneapolis, MN, USA). ROCK inhibitor (Y-27632; Wako, Tokyo, Japan) at a final concentration of 10 μM was used only at the time of plating, and the medium was changed the next day to fresh StemFit supplemented with BMP4 without the ROCK inhibitor. The medium was thereafter changed every day. Cells were maintained in culture for 10 days, and samples were harvested from 1, 3, 5, 8, and 10 days for analysis of differentiation.
Gene Expression Assay
Total RNA from cultured cells was extracted using an RNeasy Mini Kit or RNeasy Micro RNA Kit (Qiagen, Hilden, Germany) based on the manufacturer's instructions. Total RNA (1 μg) was used for cDNA synthesis using SuperScript BMP4 dose effect on human iPSCs J Kojima et al III (ThermoFisher Scientific). cDNA was used for TaqMan gene expression analysis. The primers used in this study are shown in Supplementary Table S1 . For normalization, GAPDH was used as an internal control in the TaqMan array (and individual TaqMan probe assay). Genes that were clearly detected in two experiments were used for the assay. For miRNA detection, a miRNeasy Micro Kit (Qiagen) was used for extraction of RNA and cDNA synthesis according to the manufacturer's instructions. miRNA was analyzed using a TaqMan Human MicroRNA array card A (ThermoFisher Scientific). U6 was used as an internal control.
Immunofluorescence Cells were cultured in a glass-bottom dish (IWAKI, Japan) and fixed with 4% paraformaldehyde for 10 min before being permeabilized with 0.1% Triton X-100 (Sigma) for 10 min. After blocking with 1% normal goat serum in phosphatebuffered saline (PBS) for 30 min, the samples were incubated with primary antibodies at 4°C overnight. After washing with PBS, the samples were incubated with secondary antibodies conjugated with Alexa 488 or 546 (Alexa Fluor, Invitrogen, Carlsbad, CA) for 30 min. Finally, the cells were stained for nuclei and mounted with VECTASHIELD (Vector Laboratories, Burlingame, CA, USA). Primary antibodies used in this study were OCT4 (C-10; Santa Cruz Biotechnology, Dallas, TX, USA, 1:300), NANOG (Reprocell, 1:300), HCG (ab9376; Abcam, Cambridge, MA, USA, 1:100), and HLA-G (ab7758; Abcam, 1:50). Images were obtained using an LSM510 laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany).
Detection of Cell Apoptosis by Annexin V Staining
Apoptosis was assessed with bivariate annexin V/7-aminoactinomycin D analysis. Cells were cultured in six-well plates and treated with 10 or 100 ng/ml BMP4 for 10 days. Cells undergoing apoptosis at the indicated time were identified using the Muse Annexin V and Dead Cell Assay (Merck Millipore), following the manufacturer's instructions.
Chemiluminescence Enzyme Immunoassay and Electrochemiluminescence Immunoassay of Placental Hormones in the Culture Medium
The hiPSCs (EDOM, PL, and UTE) were treated as above. One milliliter of medium was collected on 1, 3, 5, 8, and 10 days. HCG-β concentrations were measured using the IMMULITE 2000 XPi Immunoassay System (Siemens Healthcare, Germany), and progesterone concentrations were measured using MODULAR ANALYTICS (Roche Diagnostics, JAPAN), according to the manufacturers' protocols. Each assay was performed in triplicate.
Flow Cytometry (FC) Cells were disassociated into single cells with Accutase (ThermoFisher Scientific). For HCG detection, the cells were filtered through a 100-μm cell strainer, fixed with 0.2% paraformaldehyde for 10 min, and permeabilized with 0.1% Triton X-100 (Sigma) for 10 min at room temperature. After washing with PBS, cells were incubated with HCG (ab9582; Abcam, 1:400) in 3% bovine serum albumin with PBS for 40 min at room temperature. Cells were then incubated with a fluorescent secondary antibody for 30 min at room temperature, and an SH800Z cell sorter (Sony, Tokyo, Japan) was used for detection.
For HLA-G and KRT7 detection, fixation and permeabilization procedures were omitted. After disassociation, cells were filtered through a 40-μm cell strainer. Cells were incubated with HLA-G (ab7758; Abcam, 1:50) or KRT7 (ab9021; Abcam, 1:100) for 40 min at room temperature. After washing with PBS, samples were incubated with a fluorescent secondary antibody for 30 min at room temperature. After washing, an Attune Acoustic Focusing Cytometer (ThermoFisher Scientific) was used for detection. The same experiment was conducted without the primary antibody for negative control samples.
Chromatin Immunoprecipitation Followed by qPCR (ChIP-qPCR) ChIP-qPCR was carried out based on previous methods. 14 In brief, chromatin from 5 × 10 6 iPSCs was prepared for ChIP with antibodies against H3 (Abcam: ab1791), H3K4me3 (Abcam: ab8580), H3K27me3 (Millipore: 07-449), and IgG (Abcam: ab37415). The iQ SYBR green super mix (Bio-Rad) was used for qPCR. Primers used in the assay are provided in Supplementary Table S2 .
RESULTS

Effect of BMP4 Dosage on Cellular Proliferation
We used three types of hiPSCs that had been previously established: cells derived from menstrual blood (EDOM), placental artery endothelium (PL), and uterine endometrium BMP4 dose effect on human iPSCs J Kojima et al (UTE). 15 Immunofluorescence analysis revealed normal expression of OCT4 and NANOG pluripotency markers in all types of hiPSCs ( Figure 1a) . To remove the effect of feeder cells on BMP4-induced trophoblast differentiation, we used StemFit medium to induce trophoblast differentiation, allowing for the easy maintenance of hiPSCs in feeder-free conditions with high reproducibility. 16 First, we examined whether BMP4 concentration affected cellular viability during trophoblast differentiation of hiPSCs. Each hiPSC type was allowed to differentiate in the presence of 10, 50, or 100 ng/ml BMP4 for 10 days without feeder cells. At day 8, obvious morphological changes were observed in all cell types treated with 10 or 50 ng/ml BMP4 (Figure 1b) . For EDOM and UTE cell types, the differentiating cells did not appear to proliferate following treatment with 100 ng/ml BMP4 (Figure 1b) . Analysis of population doublings (PDs) of differentiating cells with various concentrations of BMP4 (5, 10, 20, 50, and 100 ng/ml) exhibited that 100 ng/ml BMP4 treatment attenuated cellular proliferation in these cell types (Figure 1c) . Notably, the PD of PL-hiPSCs was slower than the PDs of other cell lines (Figure 1c) , implying that delayed morphological changes of PL cells treated with BMP4 is attributed to the hiPSC type itself.
In order to examine cellular physiological changes at day 10 in cells treated with 100 ng/ml BMP4, we examined apoptosis states in all types of differentiating cells. Annexin V assay revealed that apoptotic cells increased 1.8-fold among UTE cells treated with 100 ng/ml BMP4 (Figure 1d) . Interestingly, other BMP4-treated cells did not exhibit increased apoptosis (Figure 1d ), implying that induction of apoptosis depends on hiPSC type. Taken together, these experiments suggested that high doses of BMP4 are harmful for cellular viability and that there is an optimal BMP4 concentration for induction of cellular differentiation.
Effects of BMP4 Treatment on Expression of
Pluripotency-and Differentiation-Related Genes and miRNAs Next, in order to examine the effect of BMP4 dosage on gene expression, we conducted a gene expression assay using TaqMan pluripotent stem cell array, a high-fidelity method for quantitative gene expression. The assay includes the major transcription factors associated with pluripotency and various differentiation-related genes. 17 The three hiPSC types were allowed to differentiate for 5 or 10 days in the presence of 5, 10, or 50 ng/ml BMP4. Out of the 96 genes assayed, 75 genes (excluding XIST, which exhibits female-specific expression) passed filtering criteria and were used for clustering analysis based on gene expression states. Intriguingly, hierarchical clustering of BMP4-treated cells on day 10 was not based on hiPSC type; rather, samples were divided into groups based on treatment conditions. For example, the expression patterns on day 10 of cells treated with 50 ng/ml BMP4 were similar to each other (Figure 2a ), implying that long-term culture with a high concentration of BMP4 results in common differentiation patterns. In contrast, on day 5, EDOM and PL cells were each categorized into their own cluster (Figure 2a) , suggesting that BMP4 treatment does not greatly affect gene expression states in the early phases of differentiation. At this phase, the type of hiPSC or genetic background may provide the dominant influence on expression.
Gene expression clustering revealed that BMP4 treatment led to downregulation of pluripotency-related factors, such as OCT4 and NANOG, 18 and activation of genes related to cellular adhesion, such as CDH5, FN1, and LAMB1 (Figure 2a) . This reflects the fact that BMP4 treatment of hiPSCs induces epithelial-mesenchymal transition. 19 Extraembryonic markers (CDX2 and EOMES) and trophoblast markers (CGB and GCM1) were also upregulated (Figure 2a ) with BMP4 treatment. Finally, we found that FOXD3 expression levels were reduced compared with those of hiPSCs (Figure 2 ), suggesting that BMP4-treated cells differentiate toward the endoderm and mesoderm lineages, 20 in addition to the trophoblast lineage. 
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A recent study showed that some miRNA families serve as placental markers. 21, 22 As the above results indicated that long-term culture with high doses of BMP4 induced similar gene expression states among differentiated cells, we examined miRNA expression states in hiPSCs and cells treated with BMP4 (5, 10, or 50 ng/ml) for 10 days using a TaqMan Human MicroRNA array card A, on which the placentarelated genes were mapped. Following the assay of 208 expressed miRNAs, we conducted hierarchical clustering analysis. Surprisingly, unlike protein-coding genes, the expression levels of BMP4-treated cells were dependent on cell types rather than culture conditions (Figure 2b) . Interestingly, the number of upregulated miRNAs (defined in all types of cells as a 42-fold change vs control hiPSCs) was higher in PL cells (127 genes) than in EDOM (62 genes) or UTE cells (49 genes) (Figure 2c ). In contrast, PL cells exhibited fewer downregulated miRNAs (Figure 2d ). We also identified commonly upregulated miRNAs in all cell types, such as miRNA-196b, miRNA-10a, and miRNA-22. Although these genes have not been previously reported to be associated with placentation, expression of these genes is involved in cancer cells.
Taken together, these results indicated that the transcriptional states of protein-coding genes in BMP4-induced trophoblast cells are dependent on culture conditions, while those of miRNAs are affected by cell type.
In-Depth Expression Analysis of Trophoblast Markers Following BMP4 Treatment
In order to gain further insight into the dose-dependent effects of BMP4 on trophoblast differentiation, we examined the expression patterns of 16 trophoblast lineage markers and 5 non-trophoblast markers (all protein-coding genes) following treatment with various BMP4 concentrations (5, 10, 20, and 50 ng/ml) for varying lengths of time (3, 5, 8 , and 10 days) (Figure 3a) . To minimize the effects of genetic variation and cell type on gene expression, the expression levels in each BMP4-treated cell type were normalized to the expression levels in the parental cell type. Expression levels of cytotrophoblast markers (KRT7 and KLF6), syncytiotrophoblast markers (GCM1, SYNCYTIN1/2, CGA, and CGB), and extravillous trophoblast marker (HLA-G) were altered in a dose-dependent manner following BMP4 treatment (Figure 3b ). Most trophectoderm and trophoblast markers exhibited dose-dependent expression as well (Figure 2a) . Consistent with a previous report, 23 CDX2 expression levels were high at day 3 in EDOM and PL cells under most doses of BMP4. However, CDX2 levels in UTE cells and HAND1 in PL cells were not downregulated during differentiation (Figure 3b ). In contrast, TFAP2C appeared to be downregulated in EDOM and UTE cells with BMP4 treatment (Figure 3b) . These results suggested that hiPSC type influences the response to BMP4.
We also found that several trophectoderm markers, including GDF15, TFAP2C, HAND1, and PPAR-γ, were upregulated by BMP4 treatment in a dose-dependent manner ( Figure 3b ). As expected, the decidua marker PIBF was not nearly expressed in BMP4-treated cells (Figure 3b) . We also examined the expression levels of the mature placental markers PGF and PPAP. The expression levels of both genes increased as the period of exposure to BMP4 increased in all cell types (Figure 3b) . Taken together, these data indicate that BMP4 treatment of hiPSCs robustly induces the expression of markers of the trophoblast lineage in a dose-dependent manner.
Effect of BMP4 Dosage on HLA-G and HCG Expression States at Single-Cell Resolution HCG and progesterone are thought to be definite placental markers. [24] [25] [26] Enzyme-linked immunosorbent assay demonstrated that our differentiation conditions produced high levels of HCG and progesterone proteins according to BMP4 dosage in all cell types (Figure 4a ). Moreover, in vitroproduced HCG induced ovulation in mice (Supplementary Figure S1) , indicating that the HCG derived from hiPSCs was functional.
Next, to investigate the effects of BMP4 dosage at single-cell resolutions on trophoblast lineage differentiation, we evaluated the protein expression of HCG and HLA-G by FC analysis. We treated cells with 10 or 50 ng/ml BMP4 for 10 days to examine the effect of BMP4 dosage. In EDOM and PL cells, BMP4 treatment elicited dose-dependent upregulation of these proteins, as follows: HLA-G and HCG were upregulated 3.5-and 1.8-fold (10 vs 50 ng/ml), respectively, in EDOM cells, and HLA-G and HCG were upregulated 1.5-and 1.9-fold (10 vs 50 ng/ml), respectively, in PL cells (Figure 4b) . In UTE cells, although HCG expression states were affected by BMP4 dosage (12-fold up in 50 ng/ml), there was no dose effect on HLA-G expression states (Figure 4b) .
We also investigated whether BMP4 treatment in high doses produced cells doubly positive for HCG and HLA-G expression. To examine this, we carried out immunofluorescence analysis with dual staining for HCG and HLA-G. As shown in Figure 4c , we did not find cells with both markers but instead found that most cells expressed either HCG or HLA-G. Thus treatment of hiPSCs with BMP4 accurately produced several types of trophoblast cells. These results indicated that BMP4 treatment of various types of hiPSC lines increases the proportion of cells expressing trophoblast markers in a dose-dependent manner.
Ability of hiPSCs to Differentiate into KRT7-Expressing Cells
In trophoblast differentiation, KRT7 has been used as a marker for cytotrophoblasts. 27 In order to examine whether our differentiation system could induce dose-dependent differentiation of cells expressing KRT7, we performed FC analysis using KRT7 antibody. Notably, FC analysis revealed that the proportion of KRT7 + cells was the same at all doses of BMP4 dose effect on human iPSCs J Kojima et al BMP4 in PL cells, while it increased with increasing BMP4 dosage in EDOM and UTE cells (10 vs 50 ng/ml; Figure 5a ). However, the trophoblast differentiation system used in this study contained bFGF, an essential factor for maintaining primed states in hPSCs. 2, 3 A recent study showed that the absence of bFGF increases KRT7 expression levels. 6 Thus we tested whether the removal of bFGF during BMP4 treatment would result in efficient induction of KRT7 + cells. At day 10, as expected, the removal of bFGF resulted in the effective induction of KRT7 + EDOM cells (Figure 5a) . In PL cells, the removal of bFGF did not seem to affect differentiation (Figure 5a ). This may result from the fact that PL cells exhibited a high proportion of KRT7 + cells even with a low dose of BMP4. Intriguingly, bFGF removal prevented UTEhiPSCs from differentiating into KRT7 + cells (Figure 5a ). The proportion of KRT7 + cells was comparable between the BMP4 (50 ng/ml)/bFGF( − ) and BMP4 (10 ng/ml)/bFGF(+) treatments (Figure 5a ). Thus removal of bFGF did not essentially improve the derivation efficiency of KRT7 + cells. Finally, to investigate the molecular mechanisms underlying differentiation potency, we determined chromatin states in KRT7 promoter regions. ChIP-qPCR against H3K4me3 and H3K27me3, which are transcriptionally active and repressive marks, respectively, was carried out in the three hiPSC lines. The results showed comparable states across the three iPSCs (Figure 5c ), indicating that epigenetic states at KRT7 promoter regions do not directly affect transcriptional potency.
DISCUSSION
In this study, we used a high-fidelity gene expression assay to examine the expression profiles of three types of hiPSCs treated with various doses of BMP4. We found that an excess amount of BMP4 negatively affected cellular viability and that an optimal concentration exists for trophoblast differentiation. Notably, the expression levels of several trophoblastrelated genes exhibited BMP4 dose dependency. Thus our findings provide information that should be useful for the generation of patient-specific trophoblast cells from hiPSCs. However, some of our gene expression findings differ from those of previous studies. Sudheer et al 6 and Amita et al 11 reported that SOX2 and EOMES were not detectable during the trophoblast differentiation process. In our study, while the SOX2 expression pattern was consistent with these previous studies (Figure 2a) , we found that EOMES expression was upregulated on day 10 in UTE cells treated with 50 ng/ml BMP4 (Figure 3b) . Therefore, the expression levels of some genes may depend on detection system or differentiation conditions, such as the culture medium and/or cell lines.
In this study, we identified highly expressed miRNAs in BMP4-treated cells, such as miRNA-196b and miRNA-10a (Figure 2b) . However, these genes were not highly expressed in previous studies using in vivo-derived placental cells. 22 Therefore, these markers may be specific for cells derived from hiPSCs in vitro. As we could not determine whether the differential expression states of miRNAs were the cause or consequence of variations in differentiation potency, we can only state that miRNA expression may be a parameter for trophoblast differentiation from hiPSCs.
Single-cell analysis using FC revealed that the proportions of cells expressing HCG were increased by treatment with a high dose of BMP4 (Figure 4b ). These results imply that trophoblast lineage differentiation is stochastic. Unlike HCG, induction of HLA-G-positive cells was not dose dependent in UTE cells only. Given that increases in UTE cells positive for KRT7, which serves as a pantrophoblast marker, were dose dependent (Figure 4a ), these results imply that treatment with high doses of BMP4 would result in syncytiotrophoblast differentiation rather than extravillous cytotrophoblast differentiation in UTE cells.
In UTE cells, removal of bFGF with high doses of BMP4 led to a reduction in the population of KRT7 + cells (Figure 4a ). This observation was in contrast to that of EDOM cells, where the removal of bFGF increased the proportion of KRT7 + cells. One possibility for this difference is that UTE-hiPSCs may react rapidly to the loss of bFGF and differentiate into other, non-trophoblast cells, as KRT7 was expressed in several epithelial cell types. 28 With regard to trophoblast differentiation potency, we could not eliminate the possibility that epigenetic states were different among hiPSCs. However, ChIP-qPCR analysis showed that the KRT7 promoter regions were comparable among hiPSC types. These results imply that there may be cell type-specific roadblocks to KRT7 expression. These obstacles were partially eliminated by the removal of bFGF in EDOM cells, suggesting that bFGF removal does not always direct trophoblast differentiation. The bFGF pathway regulates pluripotency via activin and SMAD2/3 signals in hPSCs. 29, 30 Moreover, bFGF prevents trophectoderm differentiation. 6, 7 Given that the genetic background determines transcriptional states in hPSCs, pluripotency states maintained by the bFGF pathway may differ among hiPSCs.
In summary, we revealed that there are optimal conditions for trophoblast differentiation from hiPSCs. Our results will aid in the production of patient-specific trophoblast cells from hiPSCs.
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